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Evaluation of the single nephron glomerular ifitration coefficient in the
dog. Micropuncture experiments were conducted on 12 dogs to
allow calculations of the filtration coefficient (Kr) and the effective
filtration pressure (EFP) of the glomerular capillaries. Glomerular
pressure (GP) was estimated from the sum of the stop-flow pres-
sure and plasma colloid osmotic pressure, and single nephron
filtration rate (SNGFR) was measured by total collections from
proximal tubules. Since previous studies indicate that at normal
arterial pressures the interposition of an oil block in the proximal
tubule and the consequent interruption of distal tubular flow may
lead to an overestimation of GP and SNGFR, renal arterial pres-
sure (RAP) was reduced to the lower level of the autoregulatory
range. At the reduced RAP of 87 6mm Hg, renal blood flow and
glomerular filtration rate (GFR) were 3.6 0.6 (SD) and 0.68 +
0,13 mI/ming, values which were not significantly different from
control. Whole kidney filtration fraction averaged 0.35 + 0.04 and
was not statistically different from the filtration fraction calculated
in eight experiments utilizing measurements of efferent arteriolar
blood hematocrit (0.35 + 0.09). Proximal tubule pressure was 20 +
2.4mm Hg, and peritubular capillary pressure averaged 12.2 3.3
mm Hg. At reduced RAP, stop-flow pressure averaged 38.2 3.1
mm Hg and colloid osmotic pressure averaged 14.2 + 1.7mm Hg,
yielding a value of 52.3 + 3.7 mm Hg for GP. SNGFR was 55.9
9.4 nI/mm. Calculated values for Kf based on whole kidney and
superficial nephron filtration fractions were 4.7 + 1.1 and 5.0 1.2
nI . min' . mm Hg-', respectively. The average effective filtration
pressure (EFF) values were 12.2 2.2 and 11.5 2.6 mm Hg.
Estimated EFP at the terminal end of the glomerular capillaries
was significantly greater than zero, indicating that the filtration
process occurs throughout the length of the glomerular capillaries
in superficial nephrons of the dog.
Evaluation du coefficient de filtration des néphrons individuels chez
le chien. Des experiences de microponction on été réalisées chez 12
chiens afin de calculer le coefficient de filtration (Kr) et Ia pression
efficace de filtration (EFP) du capillaire glomerulaire. La pression
glomérulaire (GP) a été obtenue par Ia somme de Ia pression
d'interruption de filtration (pression de stop-flow) et de Ia pression
colloldo-osmotique du plasma. Le debit de filtration glomerulaire
individuel (SNGRF) a été mesuré par collection complete dans Ic
tube proximal. Du fait que des etudes antCrieures avaient montré
que, a Ia pression artérielle normale, le blocage par de l'huile du
tube proximal, et l'interruption consecutive du debit distal, pour-
rait donner lieu a une surestimation de GP et SNGFR Ia pression
artérielle rénale a été réduite au niveau Ic plus bas de Ia capacite
d'autorCgulation. A Ia pression artérielle (RAP) rCduite de 87
Received for publication July 19, 1976;
and in revised form February 2, 1977.
© 1977, by the International Society of Nephrology.
137
mm Hg le debit sanguin renal et GFR Ctaient de 3,6 0,6 (DS) et
0,68 + 0,13 mI/mm . g. des valeurs non significativement difl'Crentes
de celles des contrôles. La fraction de filtration pour l'ensemble du
rein était en moyenne de 0,35 0,04 et non significativement
difl'érente de Ia fraction de filtration calculCe dans 8 experiences a
partir de l'hématocrite du sang artériolaire éfl'érent (0,35 0,09).
La pression tubulaire proximale était de 20 + 2,4 mm Hg et Ia
pression capillaire péritubulaire de 12,2 + 3,3 mm Hg. A Ia
pression artérielle rénale réduite Ia pression de stop-flow ètait de
38,2 3,1 mm Hg et al pression colloido-osmotique de 14,2 + 1,7
mm Hg, cc qui donne une valeur de 52,3 3,7 mm Hg pour GP.
SNGFR était de 55,9 + 9,4 nI/mm. Les valeurs de Kf calulées pour
Ic rein entier et Ia filtration des néphrons superficiels étaient de 4,7
+ 1,1 et 5,0 + 1,2 nl . min' mm Hg', respectivement. Les
pressions de filtration effectives moyennes (EFP) étaient de 12,2 +
2,2 et 11,5 + 2,6 mm Hg. L'évaluation de EFP a l'extrémité
terminale du capillaire glomerulaire Ctait significativement supC-
rieure a 0 cc qui indique que Ic processus de filtration est rCalisé
tout Ic long des capillaires glomerulaires dans les néphrons super-
ficiels du chien.
In recent years there has been a great deal of inter-
est on various factors that determine the level of
glomerular filtration rate (GFR) and on the charac-
terization of the filtration coefficient (Kr). At the
whole kidney level, a number of different techniques
have been utilized to evaluate glomerular dynamics
and K in response to a variety of different maneuvers
[1—5]. As has been pointed out [6], results based on
these whole kidney techniques should be considered
with some reservation since they require a number of
assumptions. To obtain a more precise understanding
of glomerular dynamics, more recent studies have
placed emphasis on the assessment of glomerular
function at the single nephron level [6—19]. Because it
is not always possible to measure glomerular pressure
directly, indirect micropuncture techniques based on
the proximal tubule stop-flow pressures have often
been used to estimate glomerular pressure [7, 10—12].
In certain species, but specifically in a unique strain
of Wistar rats, superficial glomerular capillary tufts
are available for micropuncture. This observation,
together with the availability of rapidly reacting elec-
138 Navar et a!
tronic servo-null micropressure measurement sys-
tems, has allowed the direct assessment of glomerular
pressures in capillary tufts of superficial glomeruli [6,
8, 9, 13—16, 18—20]. These, coupled with other micro-
puncture measurements of glomerular function, have
allowed the detailed analysis of the determinants of
glomerular filtration dynamics as they apply to the
superficial nephrons in the rat and also in the squirrel
monkey [161. Two significant conclusions have been
advanced on the basis of these studies. These are that
glomerular pressure (GP) is substantially lower, and
thus, K1 is much higher than previously estimated [6,
8, 9, 15, 18 vs. 1, 2, 7, Il] and that, over a certain
range, changes in plasma flow result in proportional
or nearly proportional changes in GFR. This latter
conclusion is usually expressed as plasma flow depen-
dence of GFR [6, 14, 18]. Resultant normal values
for K1 in the Munich-Wistar rat have been found to
be in the order of 0.07 to 0.08 nl/sec per mm Hg per
glomerulus, and this relatively high K1 has led to the
suggestion that at some point along the glomerular
capillary an equilibrium is reached, and the effective
driving force for filtration approaches zero [6, 8, 10,
14—16, 18].
Knowledge concerning single nephron glomerular
dynamics in the dog has not advanced as rapidly, due
in part to the unavailability of glomerular capillary
tufts on the surface of the kidney. Nevertheless, since
there is extensive information on overall renal he-
modynamics and glomerular filtration dynamics in
the dog [1—5, 12, 17, 21], it would seem meritorious
to evaluate glomerular dynamics in this species, even
though it involves the utilization of indirect tech-
niques. These indirect techniques, however, involve
certain assumptions and potential hazards which we
have taken into consideration in the present study.
The proximal tubule stop-flow pressure technique has
been used frequently to estimate glomerular pressure
[7, 10—12], but this technique requires the inter-
position of an oil blockade in the proximal tubule,
thus interfering with normal orthograde delivery of
fluid to the distal nephron. Under certain circum-
stances where the distal tubule feedback mechanism
is operant, this may lead to a relatively high stop-flow
pressure, and normal glomerular pressure may be
overestimated [7, 11, 17]. This degree of overesti-
mation appears to depend, to a large extent, on the
level of renal arterial pressure (RAP) as well as the
coexisting degree of autoregulatory capability of the
preparation [17]. A similar situation appears to exist
with regard to the use of complete proximal tubular
fluid collections for the determination of single neph-
ron glomerular filtration rate (SNGFR) [22]. It is
recognized that these observations are not consist-
ently reported by all laboratories [12], and it should
be emphasized that the current study is not for the
purpose of evaluating the mechanism by which this
occurs or of examining the possible reasons for differ-
ences among the various laboratories. For the present
study, the intent was simply to circumvent these po-
tential problems that might lead, at least in our
hands, to overestimations of glomerular pressure and
SNGFR. It was reasoned that these potential errors
would be minimized if all measurements were made
at reduced levels of renal arterial pressures main-
tained at or slightly below the lower limit for renal
autoregulation, a pressure range of 75 to 90 mm Hg
[2, 3, 5, 2 1—22]. Thus, by reducing renal arterial pres-
sure to these levels, it was expected that the resultant
values for glomerular pressure and SNGFR would be
more nearly representative of those coexisting in un-
disturbed nephrons. In addition, measurements of
efferent arteriolar hematocrit were made to evaluate
single nephron filtration fraction. These and other
requisite data were then incorporated into a mathe-
matical model of glomerular dynamics of the dog in
order to evaluate Kf and effective filtration pressure.
Methods
Experiments were performed on 12 mongrel dogs
of both sexes, weighing 15 to 20 kg and anesthetized
with sodium pentobarbital (30 mg/kg). These dogs
were prepared for micropuncture and renal clearance
studies as previously described [17, 22]. A tra-
cheotomy was performed in all dogs to maintain a
patent airway, and when necessary, a Harvard res-
pirator (Harvard Apparatus, Inc., Millis, MA) was
used to maintain ventilation. The left jugular vein
was catheterized and used for the administration of
an inulin solution (5%) at a rate sufficient to maintain
a plasma inulin concentration of about 0.8 mg/mI. A
catheter was inserted through the left foreleg vein for
the administration of an infusion of isotonic saline at
a rate less than 1 mI/mm; additional anesthetic was
administered through this catheter as necessary. Sys-
temic blood pressure was monitored continuously
through a catheter placed in the femoral artery, using
a pressure transducer (Statham Lab. Inc., Hato Rey,
Puerto Rico), and recorded on a polygraph (Grass
Inst. Co., Quincy, MA). This catheter was also used
for collection of arterial blood samples.
The kidney was exposed through a left flank in-
cision, and the renal artery, vein, and ureter were
freed of surrounding tissue. In each experiment, an
electromagnetic flow transducer was placed around
the base of the renal artery for continuous measure-
ment of renal blood flow (Carolina Medical Electron-
ics, Inc., King, NC). In six dogs the main renal artery
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was of sufficient length to place a 22-g curved needle
directly into the renal artery. Renal arterial pressure
was monitored continuously using a pressure trans-
ducer, and the line was kept patent by a constant
infusion of heparinized saline at 0.2 mI/mm. An ad-
justable plastic clamp for direct reduction of renal
arterial pressure (RAP) was placed around the renal
artery between the flow probe and the pressure mea-
suring needle. In six dogs the main renal artery bifur-
cated too early to accommodate the pressure-measur-
ing needle and clamp. To collect renal venous blood
samples, a catheter was inserted into the gondadal vein
and advanced towards the kidney. The left ureter was
catheterized to allow collections of timed urine vol-
umes. The kidney was placed on a lucite holder and
approximately 2 cm2 of renal capsule was removed.
Using microhematocrit capillary tubes, blood sam-
ples for surface hematocrit determinations were col-
lected from any arterial bleeders that were cut during
the removal of the capsule. The kidney surface was
bathed with a heparinized saline solution warmed to
37°C and dripped through a lucite rod also used to
illuminate the surface of the kidney.
Tubule pressures, peritubule capillary pressures,
and stop-flow pressures were determined using a
micropressure servo-null system (Instrumentation for
Physiology and Medicine, San Diego, CA). The
method for determining stop-flow pressure has been
previously described [17]. For most measurements, a
pipette filled with castor oil stained with Sudan Black
was inserted into the tubule, and a long oil block was
introduced so that some of the oil went retrograde,
thus identifying an earlier segment into which the
pressure-measuring pipette was inserted. The gb-
merular pressure was estimated from the sum of aver-
age stop-flow pressure and the plasma colloid os-
motic pressure. Timed proximal tubule fluid samples
were collected as described previously [22], and effe-
rent arteriolar blood samples were collected accord-
ing to the technique previously described by other
investigators [23—26]. Micropipettes having tip diam-
eters of 12 to l5t were used. The pipettes were coated
with a silicone solution (Siliclad) and heparin and
allowed to dry overnight.
The experimental protocol was as follows. After
initiating the inulin infusion, a period of 50 mm was
allowed for stabilization of the preparation. Two
timed samples of urine (10 to 20 mm) were collected,
and arterial and renal vein samples were taken at the
midpoint of each urine collection. Systemic blood
pressure, renal blood flow (RBF), and in experiments
with a needle in the renal artery, RAP were continu-
ously monitored throughout the experiment. Pres-
sures in three to five proximal tubules, and two to
four peritubular capillaries were taken. Three com-
plete proximal tubular fluid collections were taken.
Renal arterial pressure was then reduced by one of
two methods. In the six dogs that had a renal arterial
clamp, the renal artery was constricted, and RAP was
monitored directly. In dogs where the main renal
artery bifurcated early, systemic arterial pressure was
gradually lowered with sodium pentobarbital while
normal ventilation rate was maintained with the res-
pirator. This technique can produce stable levels of
moderate hypotension with no discernible effects on
various indices of renal function. For the purpose of
validation, in two experiments complete pressure-
flow relationships were determined using both renal
artery constriction and pentobarbital. There were no
discernible differences in the absolute levels of blood
flow, and good autoregulatory efficiency was ob-
served with both techniques. A reduced arterial pres-
sure was maintained by giving occasional doses of
anesthetic. Ancillary experiments evaluating arterial
Po2 and cardiac output indicate that arterial Po2 is
well maintained, and the decreased arterial pressure
is due to both a reduced peripheral resistance and a
reduced cardiac output. In addition, no differences in
the obtained data could be attributed to the method
used to lower the blood pressure. RAP was reduced
to the lower levels of the autoregulatory range, de-
fined as that pressure at which there is a slight (ap-
proximately 2 mm Hg) drop in proximal tubule free-
flow pressure and less than a 10% decrease in renal
blood flow. This pressure was usually between 80 to
90 mm Hg. Clearance measurements, tubular and
peritubular capillary pressures, and tubular fluid col-
lections were repeated as previously described. Three
to five proximal tubule stop-flow pressure measure-
ments were taken. Efferent arteriolar blood collec-
tions were taken from one or two of the largest vascu-
lar spaces on the surface. In five of the dogs with a
renal artery clamp, the clamp was released and RAP
was allowed to return to systemic arterial pressure
levels. At the end of each experiment, the electromag-
netic flow probe was calibrated in situ by catheteriz-
ing the renal artery and collecting timed blood sam-
ples into a graduated cylinder. The kidney was
removed, stripped of all surrounding tissue, blotted
dry, and weighed.
For volume measurements, samples were placed in
a calibrated constant bore capillary and measured
with a slide comparator (Gaertner Scientific Corp.,
Chicago, IL). The inulin concentration in the tubular
fluid samples was determined using the micro-
fluorometric method [27], and SNGFR was calcu-
lated from the product of tubular flow rate and the
tubule fluid to plasma inulin concentration ratio.
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Micropipettes containing efferent arteriolar blood
samples were sealed with hematocrit clay and placed
into cuvettes. These were centrifuged for ten minutes
and hematocrit determined by measuring the total
length of the sample and of the packed red blood
cells, using the slide comparator. Single nephron fil-
tration fraction (FF) was determined by the formula
used by Stein et al [251:
Ha
FF= lHa ' (1)
where He is efferent arteriolar hematocrit and Ha IS
systemic arterial hematocrit. This technique has been
used by severel laboratories [23—26]. The above equa-
tion is simply a reduced form of the equation used by
Brenner and Galla [23] and Bank and Aynedjian [26];
the latter authors have discussed the validity of this
technique in considerable detail. In addition, Knox et
al [24] have shown that filtration fractions calculated
on the basis of efferent arteriolar hematocrits are not
significantly different from those calculated on the
basis of efferent arteriolar plasma protein concentra-
tions.
One important assumption that is inherent in the
use of hematocrit for calculation of superficial neph-
ron filtration fraction is that the hematocrit of affe-
rent arteriolar blood is similar to that in the large
arteries. While no direct means of validating this
assumption exist, advantage was taken of the occa-
sional occurrence of arterial bleeders observed during
removal of the renal capsule over the micropuncture
area. These generally consist of small pulsating arte-
ries that penetrate through the surface of the kidney
and presumably provide nutrient flow to the capsule
and surrounding structures. This allowed the com-
parison of surface arterial blood hematocrit with he-
matocrit of aortic blood samples in eight experi-
ments, and the results are shown in Figure 1.
Assuming that the blood in these arterioles represents
arteriolar blood of outer cortical blood vessels, the
results suggest that afferent arteriolar hematocrit is
very similar to hematocrit of blood taken from aortic
blood samples, and support the validity of the he-
matocrit technique for calculating superficial neph-
ron filtration fraction. There are, however, several
other constraints to the estimation of superficial
nephron filtration fraction on the basis of the he-
matocrit taken from the large vascular spaces. The
architectural relationships of the postglomerular cap-
illaries in the dog are less well delineated than in the
rat in which the "star" vessels are known to be close
to the efferent arteriole. Thus, there is less confidence
in the dog that the large vascular spaces are actually
Fig. 1. A comparison between hematocrit of aortic blood samples and
hematocrit of blood samples taken from small arteries on surface of
kidney. Average values were 44.5 6.2 (SD) and 44.9 5.8 (SD);
there is no significant difference between these values.
the terminal end of efferent arterioles. To the extent
that some fluid entry into these spaces occurs, the
hematocrits will be lower than "true" efferent arteri-
olar blood hematocrit and the filtration fraction will
be underestimated. In addition, our experience in-
dicates that there is a substantial variation in the
measured values for efferent arteriolar blood hemato-
crit, even among samples from the same animal. This
variation may be due, in part, to differing distances
from collection point to the efl'erent arteriole as well
as the methodological error inherent in the measure-
ment technique.
The anthrone technique was used to determine in-
ulin concentrations in arterial and venous plasma
samples and in urine samples. Glomerular filtration
rate was calculated from the arterial and urine con-
centrations of inulin by the standard clearance for-
mula and also from inulin extraction data and renal
plasma flow based on the flowmeter measurements
[51.
Plasma colloid osmotic pressure was measured di-
rectly, using a membrane osmometer mounted on a
Statham pressure transducer [3, 5, 17]. When com-
pared to the total protein concentration, as estimated
using a refractometer (American Optical Corp., Buf-
falo, NY), it was observed that the relationship be-
tween protein concentration and colloid osmotic
pressure was not correctly described by the cubic
Landis-Pappenheimer equation used most frequently
[28]. This is probably due to the fact that the con-
stants often used are based on normal human albu-
min to globulin ratios (A:G) greater than 1.0. We
have found, however, that the A:G ratios in our dogs
are usually much lower. In a more recent series often
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dogs, we obtained A:G ratios in the range of 0.4 to
0.8 (unpublished observations). Furthermore, there
also appears to be a small error in estimating dog
plasma protein concentrations using the refracto-
meter as compared to chemical methods such as the
biuret technique. In a recent series of 16 control
plasma samples, the refractometer-based value ex-
ceeded the biuret-determined value by 0.34 g/dl.
These considerations emphasize the need for utilizing
direct measurements of colloid osmotic pressure. Cal-
ibration of the membrane osmometer is verified both
directly using positive and negative hydrostatic pres-
sures as well as laboratory plasma standards (Dade
Monitrol L, Miami, Fl) with certified protein concen-
trations and known A:G ratios. To derive the appro-
priate relationship between protein concentrations
(C) and colloid osmotic pressure (jr) for samples
taken in this study, 65 samples, ranging from 4.5 g/dl
to 7.5 g/dl, were analyzed. In addition, the relation-
ship between these two factors was expressed using
the more convenient equation also described by Pap-
penheimer [29],
AC
l—BC (2)
The constants A and B which provide the best fit for
the conditions of the present study are: A = 2.05; B =
0.035. It should be mentioned that, for normal hu-
man A:G ratios, the constants used by Pappenhei-
mer, making this equation describe essentially the
same relationship described by the more commonly
used equation of Landis and Pappenheimer [28], are
2.4 and 0.046 [29].
This particular form of the equation relating col-
bid osmotic pressure and total protein concentration
is highly advantageous in that it simplifies sub-
stantially the calculations used to evaluate certain
aspects of glomerular dynamics. Furthermore, if the
data are analyzed using a constant value for glomeru-
lar pressure (that is generally accepted since the mag-
nitude of the pressure drop along the length of the
gbomerulus is unknown but is usually considered to
be quite small [6, 8, 15]), then a direct solution can be
achieved [29, 30]. This solution is briefly described in
the following section.
The basic equation describing glomerular filtration
rate (GFR) as a function of the normalized length of
the glomerulus is
d (GFR) = Kt(Pg — P — irg(x)) (3)
and C(x) is related to the plasma protein concentra-
tion by the basic conservation law
a a (5PF(x)
The various parameters and functions of equations
3 to 5 are defined as follows: K1, filtration coefficient;
Pg, glomerular hydrostatic pressure; P, proximal tu-
bule pressure; irg(x), colloid osmotic pressure along
the normalized length of the glomerulus; C(x),
plasma protein concentration along the normalized
length of the gbomerulus; PF(x), plasma flow along
the normalized length of the glomerulus; and PFa,
afferent plasma flow.
For mathematical clarity, the new variable g(x) is
introduced and defined as
PFa — PF(x)g(x) =
PFa(l — BCa) (6)
The filtration equation is then replaced by
= k(l — I
—g(x))' g(0) = 0, (7)
where
D_D (8)
'g 't
and
k= Kr(PgPt) 9PFa(l — BCa) ( )
The solution to equation 7 can be found by separa-
tion of variables and integration resulting in the rela-
tion
(1 — — g(x))'e' = (1 — (10)
Since
GFR FFg(l) PFa(l — BCa) = 1 — BCa' (11)
where FF is filtration fraction, equation 10 can be
solved for the value of normalized length equal to one
(i.e., x = 1). y and k can be replaced by their respec-
tive components, and the relationship can be rear-
ranged to solve for K1, resulting in K1 =
GFR Il — ACa In [1 — FFPira 1 (12)LP I FFP L ACa(ZP1ra)JJ
where
Pg — P. (13)
As pointed out by Pappenheimer [29], this solution(4) offers a practical advantage over those previously
where
irg(x) = A.C(x)
— BC(x)
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described since they must be solved using computer
techniques. Both solutions give the same numerical
answers for the same conditions, but the relative sim-
plicity of the direct solution is of obvious advantage
to many who may not have ready access to a com-
puter.
The data obtained at reduced renal arterial pres-
sure were analyzed using the equations described. In
addition, computer solution was also performed to
obtain profiles of effective filtration pressure (EFP)
and GFR as a function of the length of the glomeru-
lar capillary [30]. Since Kr was found initially, the
average EFP is defined by
EFP GFR
To assess filtration forces at the efferent end of the
capillary, efferent protein concentration (Ce) was cal-
culated by
C-— I — FF
and lrg was estimated from equation 2.
EFP at the efferent end of the glomerular capillary
was estimated from
EFPe = — 7Ve.
The presence of a positive value for EFPe was taken
to indicate that filtration occurred throughout the
length of the filtering structures and allowed the cal-
culation of a unique value for K. EFPe values at or
near zero suggested the attainment of filtration equi-
librium, and Kr calculations simply provided mini-
mal but not unique values [6, 8, 15].
Further calculations based on these considerations
included calculation of glomerular plasma flow
(GPF), glomerular blood flow (GBF), afferent arteri-
olar resistance (RA), and efferent arteriolar resist-
ance (RE) according to the following formulas:
GPF = GFR (17)
GBF = GPF
I — Hct
RA Pa — PgGBF
RE= g C
GBF — GFR
For simplicity, the resistance calculations were ex-
pressed as mm Hg . nl1 min', but can easily be
transformed to dyne . sec cm5 by using the con-
version factor 7.96 X 1010 [15].
Results
As explained, the present study placed emphasis on
analysis of single nephron function at the reduced
renal arterial pressure. However, renal function was
also assessed during control periods to evaluate renal
autoregulatory capability and to provide guidelines
in individual dogs to determine the appropriate de-
gree of renal arterial pressure (RAP) reduction. Table
I compares the hemodynamic data from the control
periods to that obtained during reduced RAP. In
response to a reduction in RAP to 87 mm Hg, there
were only slight decreases in renal blood flow (RBF)
and glomerular filtration rate (0 FR), which were not
statistically significant. Slight but consistent reduc-
(14) tions in proximal tubular pressure (PTP) occurred.
The decreases in peritubular capillary pressure
(PCP), while of approximately the same average
magnitude, were more variable and did not achieve
statistical significance. In addition, small but rela-
tively consistent decreases in hematocrit and plasma
(15) colloid osmotic pressure were observed even in the
absence of volume expansion. The results were essen-
tially the same in the group that had renal arterial
constriction compared to the group subjected to sys-
temic hypotension. RAP values were within 5%, RBF
16
values were within 4%, GFR values were within 5%,
and filtration fraction (FF) values were within 3% of
Control
pressure
Reduced
pressure Difference
BP,mmHg 107+7 87±6
RBF, ml/min.g 3.85 0.82 3.55 0.64 —0.30 0.57
NS
GFR,m//min.g 0.75 0.14 0.68 0.13 —0.07 0.15
NS
FF 0.34 + OIl 0.35 0.04 0.01 + 0.08
NS
Hct 45 6 41.7 6.5 3.3 + 3•3d
C,g//OOmI 6.0 +0.5e 5.60± .52 O.4O±O.27
7ra, mm Hg 15.8 + 2.1 14.3 1.8 —1.50 0.88c
PTP, mm Hg 23.0 + 3.8 20.3 2.4 —2.7 330
PCP, mmHg 15.0 3.1 12.2 3.3 —2.8 4.2
NS
Table I. Comparison of hemodynamic and micropuncture data
at control and reduced blood pressurea)
Values are presented as mean si; N= 12. Dog wt was 17 2(18) kg; kidney wt was 41.1 6.1 g.
b Abbreviations used are: BP, blood pressure; RBF, renal blood
flow; GFR, glomerular filtration rate; FF, filtration fraction; Hct,
(19) hematocrit; CC, plasma protein concentration; 1r, colloid osmoticpressure; PTP, proximal tubular pressure; PCP, peritubular
capillary pressure.
Indicates significance at 1% level.(20) d Indicates significance at 5% level.
Recent studies comparing the biuret technique to the refractometer
suggest that the true protein concentrations may be less than those
reported. By applying a correction factor based on linear regres-
sion analysis, the approximate protein concentration for control
conditions is 5.64 g/dl and for reduced pressure conditions is
5.28 g/dl.
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each other. Since no perceptible differences in the
effects of these two means of reducing RAP could be
observed, data obtained from these two groups are
considered together for the purpose of analysis.
The micropuncture data obtained at reduced RAP
are outlined in detail in Table 2. Stop-flow pressure
(SFP) averaged 38.2 mm Hg, and when added to
plasma colloid osmotic pressure, provided a mean
value of 52.3 mm Hg for estimated glomerular pres-
sure. The range from the individual experiments was
relatively small, varying from 46 mm Hg to 56 mm
Hg. Single nephron glomerular filtration rate
(SNGFR) variation was somewhat greater and was
responsible for most of the experimental variation in
calculated values for filtration coefficients (Kr). Effe-
rent arteriolar blood samples were obtained in 8 of
the 12 dogs studied. To determine the validity of
utilizing whole kidney filtration fraction for the neces-
sary calculations, filtration fraction based on efferent
arteriolar and aortic blood hematocrits was compared
to whole kidney filtration fraction based on GFR and
renal plasma flow. These values are shown in Figure
2. While there was a greater degree of variability in
filtration fraction calculated using the hem atocrit
technique, both techniques yielded essentially the
same average values. Filtration fraction based on
hematocrits was 0.35 0.09, and whole kidney filtra-
tion fraction in these eight dogs was 0.34 + 0.06,
values not significantly different from each other or
from average whole kidney filtration fraction of all 12
dogs. This agreement was consistent with previous
reports [24] and provided the basis for evaluating
glomerular dynamics of all 12 dogs using whole kid-
ney filtration fraction. The results, however, were
compared to those obtained in the eight dogs in
which the efferent arteriolar hematocrits were ob-
tained. It should be noted, however, that the close
agreement between average whole kidney filtration
fraction and superficial nephron filtration fraction is
not a complete validation due to the constraints
noted earlier of the technique for estimating efferent
arteriolar blood hematocrit. Thus, superficial neph-
ron filtration fraction could be higher than calcu-
lated, but we have no evidence to this effect.
Table 3 compares the calculated values for K and
average effective filtration pressure (EFP) for each
experiment using both whole kidney FF and super-
ficial nephron FF. As can be seen, there were only
slight differences in the calculated values for K ob-
Table 2. Assessment of glomerular function at reduced renal arterial pressurea
Exp.
no.
PIP
mmHg
SFP
mmHg
ira
mmHg
GPeat
nimHg
SNGFR
ni/mm
PCP
mmHg Hct Hcta
i
2
3
4
5
6
7
8
9
10
11
12
Mean
20
21
18
24
19
23
20
21
20
20
15
23
20.3
2.4
0.70
41
41
34
43
38
40
38
34
40
34
36
39
38.2
+3.1
0.89
15
12
12
13
17.5
13
15
14
IS
12.5
16
15
14.2
0.49
56
53
46
56
56
53
53
48
55
46
52
54
52.3
1.07
69
66
46
58
38
55
58
47
61
49
66
58
55.9
2.7
13
10
7
16
17
14
15
7
12
I3
9
13
12.2
0.95
—
43
—
41
62
—
—
46
54
48
56
55
51
+7.3
2.6
39
29
48
35
52
44
49
40
41
36
43
44
41.67
1.87
Abbreviations used are: PTP, proximal tubular pressure; SFP, stop-flow pressure; Ira, colloid osmotic pressure; GPaat, glomerular
pressure (estimated); SNGFR, single nephron glomerular filtration rate; PCP, peritubular capillary pressure; HCtoa, elTerent arteriolar
hematocrit; Hcta, systemic arterial hematocrit.
0.5
C0
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0.4
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.1 0.2 0.3 0.4 0.5
Filtration fraction (whole kidney)
Fig. 2. A comparison between whole kidney filtration fractions and
superficial nephron filtration fractions calculated from efferent arte-
riolar hematocrits collected in eight experiments. Average whole
kidney filtration fraction was 0.34 0.04 (so), and superficial
nephron filtration fraction averaged 0.35 0.09 (SD).
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Table 3. Evaluation of filtration coefficient (K,) and effective
filtration pressure (EFP) in the dog
Exp.
no.
n1min
K,
'mm Hg-'
EFP
mmHg
WKa Sub WKa SHb
1 4.9 — 14.08 —
2 4.45 5.4 14.83 12.22
3 3.75 — 12.27 —
4 3.74 3.43 15.51 16.91
5 2.51 3.07 15.14 12.38
6 4.59 — 11.98 —
7 5.54 — 10.47 —
8 4.95 4.57 9.49 10.28
9 6.56 6.56 9.3 9.3
10 479 5.76 10.23 8.51
11 5.85 5.85 11.28 11.28
12 4.97 5.34 11.67 10.86
Mean 4.72 5.0 12.2 11.5
+ sn 1.06 1.22 2.21 2.57
SEM 0.31 0.43 0.64 0.91
a WK denotes values calculated using whole kidney filtration
fraction.
b SH denotes values calculated using filtration fraction based on
superficial efi'erent arteriolar hematocrit.
tamed using the two methods. Likewise, the average
EFP values using the two methods were within 1 mm
of each other. Paired analysis for each of the two
parameters in the eight dogs in which both were
analyzed did not indicate the presence of any signifi-
cant differences (Kr 0.27 0.19 [SE]; LEFP =
0.73 0.54 [SE]).
An alternate means of evaluating these parameters
was to assume normal A: G ratios and then apply the
constants to equation 2 derived by Pappenheimer
[29] to estimate "theoretical" protein concentrations
for both afferent and efferent arteriolar plasma. A
similar procedure has been used in previous studies
[3,5]. Results based on this approach yielded essen-
tially the same values as presented in Table 3. Aver-
age K1 was 4.64 0.9 (SD) ni •min-'.mm Hg-', and
average EFP was 12.3 1.9 mm Hg. While the
results may not be different, this approach disregards
the finding that our dog plasma samples do not fol-
low the generally accepted Landis-Pappenheimer
relationship.
To determine the possible existence of the condi-
tion of "filtration equilibrium" in these experiments,
the hydrostatic pressure difference between estimated
glomerular pressure and proximal tubule pressure
(P) was compared to the calculated efferent arteri-
olar colloid osmotic pressure (ire). The results of this
analysis are shown in Figure 3 and include both
means of evaluating ire. The average zP was 32 3.8
(SD) mm Hg and was significantly greater than the ire
calculated on the basis of either whole kidney filtra-
tion fraction (ire 24.1 + 3.8 mm Hg) or superficial
capillary hematocrit (ire = 26.1 1.8 mm Hg). Only
in one instance was there evidence that the P was
equivalent to ire (experiment no. 10). These results
are of significance in that they indicate that the calcu-
lated K1 values and average EFP values are valid and
unique for the circumstances of these experiments.
The remaining hemodynamic variables of super-
ficial nephron function were characterized using both
whole kidney filtration fraction and superficial neph-
ron filtration fraction. Table 4 presents values for
glomerular blood flow and the afferent and efferent
arteriolar resistances. Since the data were obtained at
reduced renal arterial pressure at very close proximity
to the lower limit of renal blood flow autoregulation,
the values for afferent resistance should not be con-
sidered representative of "normal" values but rather
as the minimal values for superficial nephrons in the
dog. Average values for glomerular blood flow and
glomerular plasma flow were very similar to those
calculated for the eight experiments using superficial
capillary hematocrits to determine filtration fraction,
and no significant differences were observed between
the values obtained using the two approaches. Ex-
pressed as 1010 dyne . sec . cm-5, average values are
0,995 for afferent resistance and 1.4 for efferent resist-
401-
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301-
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0
a,
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Fig. 3. A comparison of the transglomerular hydrostatic pressure
difference (P) with the estimated efferent colloid osmotic pressure
(ir9. The symbol (A) denotes that r, was calculated using filtration
fraction based on superficial efferent arteriolar hematocrit (eight
experiments), while the () indicates that the was calculated on
the basis of whole kidney filtration fraction (12 experiments). The
average values for each group are circled.
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Table 4. Calculation of glomerular blood flow (GBF), glomerular plasma flow (GPF), afferent resistance, and efferent resistance
Exp.
no.
GPF
ni/mm
GBF
ni/mm
-___________________
Afferent resistance
mmHg. n1'. mm
Efferent resistance
mm Hg. nl mm
WKa SHb WKa SHb WKa SHe WK SHe
1 186.5 — 300.8 — .092 — .186 —
2 169.2 143.5 238.4 202.3 .206 .242 .249 .316
3 135.3 — 260.2 — .150 — .182 —
4 175.8 252.2 270.4 388.0 .107 .075 .188 .121
5 146.2 111.8 304.5 232.8 .115 .150 .146 .200
6 144.7 — 258.5 — .147 — .192 —
7 165.7 — 324.9 — .102 — .142 —
8 180.8 213.6 301.3 356.1 .119 .101 .161 .133
9 148.8 148.8 252.2 252.2 .119 .119 .225 .225
10 158.1 125.6 247.0 196.3 .138 .173 .167 .224
II 161.0 161.0 282.4 282.4 .113 .113 .199 .199
12 187.1 170.6 334.1 304.6 .090 .099 .148 .166
Mean 163.3 165.9 281.2 276.8 .125 .134 .182 .198
+ SD 17.3 46.5 31.6 69.7 .032 .053 .032 .062
+ SEM 4.98 16.43 9.11 24.65 .009 .019 .009 .022
a WK denotes values calculated using whole kidney filtration fraction.
SH denotes values calculated using filtration fraction based on superficial efferent arteriolar hematocrit.
ance. These can be contrasted to values of 2.5 and 2.6 A 25
obtained by Robertson et a! [31] in the hydropenic
rat at approximately the same arterial pressure. The 20
resistance values can also be expressed in terms of
conductances which are the reciprocal of the resist-
ances. Expressed in this manner, pre-glomerular con- E
ductance averages 8.8 1.5 nI . min' mm Hg',
and efferent conductance is 5.7 l.Onl . min1 . mm
Hg-1. 5
Since the glomerular pressure and the proximal
tubular pressure are considered to remain essentially 0
constant when considering the changes in EFP along
the length of the glomerular capillary, the change in
the EFP is directly related to the change in colloid
osmotic pressure as it increases along the length of B
the capillary. Figures 4A and 4B present the profiles
derived for EFP and SNGFR as a function of the
length of the glomerular capillary for each of the
experiments using the whole kidney filtration fraction
data. These figures demonstrate that filtration contin-
ues throughout the length of the capillary and that
the decrease in EFP approaches a linear relationship.
Calculated EFP at the terminal end of the glomerular
capillary was 6.9 mm Hg, based on an analysis using
only the average experimental values. This compares 10
favorably to the average value of 7.2 + 3.1 (SD) mm
Hg from the results of the individual experiments
using whole kidney FF, and an average value of 6.1
3.6 mm Hg calculated from the eight experiments
using the superficial nephron FF.
To evaluate the effects of K1 changes on the pre-
dicted profiles for EFP and SNGFR, the experimen-
Normalized distance along glomeru lar capillary
70
50
40
20
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Normalized distance along glomerular capillary
Fig. 4. Predicted profiles of changes in A) effectivefiltration pressure
(EFP) and B) SNGFR as afunclion of the normalized distance along
the glomerular capillary. The individual profiles from the 12 experi-
ments are graphed using the data based on whole kidney filtration
fraction.
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tally derived input data for afferent arteriolar driving
forces and plasma flow were incorporated into the
model [30] using predetermined K1 values ranging
from 4.0 to 15 ni min' mm Hg'. K1 could be
increased to values of about 9 to 11 nl . min' mm
Hg-1 before the condition of filtration equilibrium
became apparent. This would result in an SNGFR
value of 70 nI/mm and a filtration fraction of 0.44.
Further increases in K1 failed to cause additional
increases in SNGFR (Fig. 5).
Discussion
Since there is an abundant amount of information
on many aspects of whole kidney renal hemodynam-
ics in the dog, we were prompted to obtain a more
complete characterization of glomerular function at
the single nephron level in this species. With few
exceptions, almost all recent studies of single nephron
hemodynamics have been performed in the rat, pri-
marily because of the accessibility of glomerular ca-
pillary tufts for direct micropuncture measurement of
glomerular pressure. In the dog, this situation has not
been shown to exist, and therefore single nephron
glomerular pressure must be measured by the indirect
means of the proximal tubule stop-flow pressure tech-
nique [7, 10, 11, 17]. This technique, however, should
provide a relatively direct estimate of the glomerular
pressure in that nephron as long as the process of
filtration-reabsorption has been minimized up to the
point of blockade, and as long as the plasma colloid
osmotic pressure is measured directly. In a previous
study [17], we suggested that, under certain circum-
stances, a proximal tubule oil block may lead to an
elevation in the glomerular pressure of the blocked
nephron, which depends in part on the level of renal
arterial pressure and the autoregulatory capability of
the preparation. The mechanism responsible for this
phenomenon apparently is also capable of causing an
increase in SNGFR when assessed by proximal tu-
bule collections [22, 32]. These arterial pressure-de-
pendent changes in stop-flow pressure and SNGFR
have been attributed to the interruption of a distal
tubule feedback mechanism due to the interposition
of the proximal tubule oil block and the cessation of
normal volume delivery to the distal nephron, thus
rendering glomerular function incapable of auto-
regulating in response to changes in blood pres-
sure. While these observations and explanations
have not been supported by all investigators [12],
these responses are relatively consistent in our
laboratory. For example, at an average control
blood pressure of 107 mm Hg, SNGFR in ten
dogs was 65 14 nI/mm, and stop-flow pres-
sure (SFP) in five dogs was 43 4 mm Hg.
Both SNGFR and SFP were significantly decreased
at the reduced renal arterial pressure (see Table 2).
Upon release of the renal artery constriction (four
dogs), blood pressure increased to 122 3 mm Hg,
SNGFR increased to 70 11 nl/min, and SFP in-
creased to 52 5.4 mm Hg. These increases in
SNGFR and SFP were significant; yet whole kidney
RBF and GFR remained within control levels. Thus,
in our hands, neither SNGFR based on proximal
tubule fluid collections nor SFP demonstrate auto-
regulatory behavior in response to changes in arterial
pressure, even when whole kidney autoregulatory be-
havior is evident. The rationale for the present study,
however, was that at renal arterial pressures at or just
below the lower limit of the autoregulatory range, it
would be expected that SNGFR determinations
based on proximal collections and estimates of gb-
merular pressure GP based on stop-flow pressures
would be representative of the corresponding param-
eters in undisturbed nephrons. How these relate to
normal values at control arterial pressures cannot be
established with certainty, but it might be expected
that these would be maintained relatively constant as
long as the blood pressure was within the autoregu-
latory range [2, 3, 5, 31]. In addition, since there is
little evidence to suggest that the filtration coefficient
(K1) is altered with changes in arterial pressure, at
least within normal limits, this approach allows one
means to evaluate this parameter, although we can-
not state with certainty that the K1 values calculated
apply to the values at normal arterial pressures.
Since the data indicate that a positive filtration
0.1 0.2 0.3
Normalized distance along glomerular capillary
Fig. 5. Evaluation of the effects of changes in filtration coefficient
(K,) on the effective filtration pressure (EFP) and single nephron
glomerular filtration rate (SNGFR) profiles in the dog. For this
analysis, the experimental data for P, ra, and plasma flow were
used as input data, while SNGFR, EFP, and filtration fraction
(FF) were allowed to vary as a function of K.
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pressure exists throughout the length of the glomeru-
lar capillary, the K1 values calculated can be consid-
ered unique values, at least for the experimental con-
ditions of the present study. In essence, these studies
indicate that the dog glomerulus has a filtration
coefficient of 4.5 to 5.0 nl/min/mm Hg. These results
are in good agreement with the results based on a
previous study performed in a similar group of dogs,
except that tubule fluid or efferent arteriolar samples
were not collected [33]. The average glomerular pres-
sure of 52 mm Hg obtained in the present study is
probably an underestimate of true glomerular pres-
sure since slight decreases in proximal tubule pressure
were already apparent at this level of arterial pres-
sure. The magnitude of this underestimation cannot
be determined with confidence, but is probably no
less than 3 mm Hg. Thus, the single nephron gb-
merular pressure is similar to that previously calcu-
lated on the basis of both whole kidney studies [5]
and micropuncture studies [30, 33].
In a study by Lambert et al [34], a more complex
model of glomerular dynamics in the dog was
coupled with the molecular sieving approach. In this
study, K1 values were substantially higher than had
previously been obtained. Using a relatively large
intraglomerular hydrostatic pressure drop, it was
suggested that the condition of filtration equilibrium
was achieved in these studies. One can make only
very crude comparisons between the present study
and that by Lambert et al [34] because of the vastly
different approaches. The suggestion of a substantial
pressure drop along the glomerular capillary is not
generally accepted [2, 6, 8, 15, 30] and adds an ele-
ment of complexity to the molecular sieving ap-
proach which may pose further constraints and un-
certainties on the requisite statistical fitting tech-
niques. Furthermore, direct measurements of plasma
colloid osmotic pressure or proximal tubule pres-
sure were not made in that study. These overall
uncertainties prevent a rigorous comparison of the
data obtained in the two studies, and resolution of
the discrepancies would probably require the use of
both techniques in the same preparation.
In a recent study by Ott et al [35], values for
gbomerular pressure and single nephron Kf values
were also calculated using micropuncture techniques.
In one regard, the results of the present study agree
with the conclusions from that study, since both stud-
ies indicate that filtration occurs throughout the
length of the glomerular capillaries in the dog. There
are, however, several differences between the two
studies. In the current study, direct measurements of
plasma colloid osmotic pressure were obtained. As
described in the Methods section, it was observed that
the relationship between protein concentration and
total colloid osmotic pressure was not consistent with
the coefficients normally used. Thus, colloid osmotic
pressure may have been lower than estimated in the
study by Ott et al. Also, with the exception of the
measurements of efferent arteriolar protein concen-
tration reported by Ott et a! [35], the data for stop-
flow pressures and estimated glomerular pressures
are very similar to the control values reported in the
paper by Navar, Chomdej, and Bell [17], in which
stop-flow pressures were measured in the dog both
before and during a mild mannitol diuresis and also
as affected by changes in renal arterial pressure. The
fundamental difference between the two studies is
related to the interpretation by Ott et al that values
for estimated glomerular pressure at control arterial
pressure can be considered representative of the gb-
merular pressure in undisturbed nephrons. For rea-
Sons described previously, we feel that this may not
be the case in the dog, where the lower limit of the
autoregulatory range is substantially lower than the
control arterial pressures at which the experiments
are usually conducted. Thus, it is possible that in the
paper by Ott et al [38], the calculated values for
gbomerular pressure and average net filtration pres-
sure were overestimates. In turn, the calculated Kf
values were probably underestimated.
One problem of concern is that the plasma colloid
osmotic pressures reported in the present study are
lower than those generally given for the dog, even
when one considers previous reports of direct mea-
surements of colloid osmotic pressure in the dog.
That this lower value is not related to some system-
atic error in our determinations of colloid osmotic
pressure has been established in a number of ways,
including calibration of the membrane osmometer
with both negative and positive hydrostatic pressures
and routine use of an artificial plasma standard with
known composition. In addition, measurements of
colloid osmotic pressure in normal human plasma
samples resulted in values of 25 to 30 mm Hg. We
have also measured rat plasma samples from experi-
ments reported by Allison, Wilson, and Gottschalk
[36], and the relationship between colloid osmotic
pressure and total protein concentration agrees with
the Landis-Pappenheimer equation normally used.
Therefore, all our evidence indicates that colboid os-
motic pressure in these dogs was actually as low as
was indicated by the measurements. This appears to
be a condition related to anesthesia, surgery, and the
experimental conditions, since plasma samples ob-
tained immediately after anesthetization yield values
of 17 to 19 mm Hg. These tend to decrease progres-
sively over the course of the experiment. Further-
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more, as indicated by the measurements of albumin
to globulin concentration ratios, these experimental
animals may have albumin concentrations lower than
normal and certainly lower than usually reported for
man and the rat. Therefore, it should be emphasized
that the calculated values for K1 and effective filtra-
tion pressure (EFP) apply specifically to the present
experimental conditions, and that it is difficult to
evaluate which of the determinants of glomerular
filtration rate (GFR) are altered under conditions
where colloid osmotic pressure is higher or in subjects
with higher albumin concentrations. Further experi-
ments evaluating glomerular dynamics at elevated
plasma colloid osmotic pressure are required before
this can be resolved for the dog. On the basis of
experiments in the rat [37], it has been suggested that
the K1 would be increased at higher values of plasma
colloid osmotic pressure. A trend in support of this
notion was not observed in the present experiments,
but this does not discount the possibility that K1 may
be greater and that EFP at the efferent end of the
glomerular capillary may approach zero under those
conditions.
In summary, the present experiments have pro-
vided data which allow a more complete character-
ization of filtration dynamics in superficial nephrons
of the dog kidney. The average effective filtration
pressure is approximately 12 mm Hg, and the average
K1 is in the range of 5 nI/mm/mm Hg. Analysis of
the filtration process as a function of the capillary
length indicates that a small (5 to 8 mm Hg) but
significant positive pressure exists at the efferent end
of the glomerular capillary, and the decrease in EFP
along the length of the capillary is relatively linear.
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